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Abstract: A complete theoretical and experimental analysis of
the photonic band structure for the Suzuki-phase lattice is presented.
The band diagrams were calculated by two-dimensional plane wave
expansion and three-dimensional guided-mode expansion methods.
Angle resolved photoluminescence spectroscopy has been used to mea-
sure the emission of the photonic crystal structure realized in active
InAsP/InP slabs. Photonic bands with a very low group velocity along
an entire direction of the reciprocal lattice have been measured, which
may have important applications on future photonic devices. The
experimentally determined dispersion is in very good agreement with
the calculated photonic bands. The presence of defect modes produced
by microcavities in the Suzuki-phase lattice has also been established.
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1. Introduction
Since E. Yablonovitch [1] and S. John [2] opened the path of new advantageous struc-
tures, named photonic crystals (PC) [3-5], a large effort has been done in order to im-
prove their quality and integrate them into the future photonic circuits. In particular,
PC structures which present high quality factors [6], low thresholds [7] and small modal
volume [8], are being studied in depth. Moreover, certain structures were proposed as
promising components of devices for guiding light through a particular direction [9-11].
A very interesting feature of light guided through photonic crystals is that the group
velocity of the light may be reduced by orders of magnitude. There are several devices
taking advantage of this property both in PC waveguides [12-14] and in extended pho-
tonic crystal lattices [15-17]. In this case the light is not guided through any specific
direction and the area for slow light is extended along the full photonic crystal struc-
ture. These photonic structures use also the high interaction of light with matter for
laser emission.
In this paper we propose and measure the photonic band structure of the two di-
mensional Suzuki-phase lattice. This lattice was introduced in the context of sound
propagation by sonic crystals [18]. Afterward, its equivalent for the case of dielectric
rods in air was analyzed [19], and the corresponding made of holes in a dielectric slab
studied [20], both showing interesting features for photonic bonding-antibonding states.
In this work we show the calculated and experimentally measured photonic band struc-
ture of the Suzuki-phase of holes in dielectric. For the calculations we have used two
dimensional plane expansion and three dimensional guided-mode expansion methods
[21]. We find a wide bandgap (corresponding to the underlying triangular lattice of
holes) that encloses two well-defined photonic bands with a very low group velocity
along an entire specific direction of the reciprocal lattice. These photonic bands have
been measured by angle-resolved photoluminescence (ARP). Defects have also been
fabricated by removing some of the holes, forming microcavities. The defect states are
clearly visible in the measurement by ARP of the photonic bands.
2. Theoretical analysis
Figure 1(a) shows the theoretical image of the Suzuki-phase structure. This structure is
fabricated using a triangular lattice as reference and removing holes in order to create
a rectangular lattice of missing holes. The periodicity is 2a in the Γ-X1 direction and√
3a in the Γ-X2 direction, where a is the lattice constant of the triangular lattice. The
Brillouin zone is also shown in Fig. 1(b).
In Fig. 2 we show the two-dimensional photonic bands of the Suzuki lattice, taking
the case of air holes with r/a= 0.33 in InP. Only even modes with respect to a horizontal
mirror plane (usually called H or TE-like modes) are plotted. The interesting feature is
the presence of two narrow photonic bands between a/λ = 0.25 and 0.3. They originate
from H1 defects (i.e., a single missing hole in the triangular lattice) that are coupled in
the rectangular structure to form weakly dispersive bands. In particular, the fifth band
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Fig. 1. (a) Theoretical image of the Suzuki structure. Arrows show the high sym-
metry directions. (b) Two-dimensional Brillouin zone with symmetry points.
is nearly flat along the Γ-X1 direction. This feature is important as it gives rise to a
low-group velocity band.
The Suzuki lattice belongs to a set of 2D structures, like also the graphite and the
Archimedean lattices, which possess a basis made of several rods per unit cell. All
these lattices seem to support several low-dispersive photonic bands. A specific analogy
between the Suzuki and the graphite lattice can be made, since both structures can
be viewed as H1 cavities that are coupled with supercell periodicity. Still, the Suzuki
lattice has the unique feature of a nearly flat band along the whole Γ-X1 direction of
the 2D Brillouin zone.
In order to calculate the photonic band dispersion of the InP-based structure used
in the experiments, the vertical structure of the slab waveguide should be specified. We
consider a slab waveguide made of a d = 237 nm thick InP core (ε = 10.1) surrounded by
a SiO2 cladding (ε = 2.1) on the lower side and by air (ε = 1) on the upper side. The InP
core layer is patterned with a Suzuki structure with a lattice constant a = 455 nm and
hole radius r/a = 0.33. The photonic band dispersion is calculated with a guided-mode
expansion method which consists of expanding the magnetic field on the bases of guided
modes of an effective homogeneous waveguide with an average dielectric constant in each
layer [21]. The results are shown in Fig. 3(a). As the slab waveguide is not symmetric
with respect to a horizontal mirror plane, even (TE-like) and odd (TM-like) modes are
coupled and give rise to a complex band structure. In particular, the presence of TM-like
modes prevents opening of a complete photonic band gap for this structure. In order
to analyze in a simpler way the experimental PL data, we calculate also a simplified
form of the band structure in a “symmetric” approximation, which consists of taking
identical lower and upper claddings with an average dielectric constant ε = 1.55 (see
Fig. 3(b)). Such slab is now symmetric and even (TE-like) modes can be defined. We
notice that photonic bands are qualitatively similar to the 2D bands of Fig. 2, but they
are blue-shifted due to vertical confinement in the slab waveguide.
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Fig. 2. Two dimensional simulations of the band diagram of the Suzuki-phase
lattice. The parameters are ε = 10.1 for the dielectric constant of the background
material and r/a = 0.33 for the hole radius, where a is the lattice constant of
the underlying triangular lattice. The “light lines” for air and silica claddings are
drawn in red dashed lines.
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Fig. 3. Three dimensional simulations of the band diagram of the Suzuki lattice.
Parameters are given in the text. (a) Full band structure of the air/InP/SiO2
waveguide, (b) even (TE-like) modes of the “symmetric” waveguide where both
upper and lower claddings have the same dielectric constant. The “light lines” for
3. Experimental results
3.1. Band diagram of the Suzuki lattice
A 2D PC structure was fabricated on an InP slab incorporating an active medium with
a total thickness of 237 nm. The heterostructure consists of four In0.65As0.35P/InP quan-
tum wells grown on an InP substrate by molecular beam epitaxy and it is transferred
onto a silicon-on-silica substrate by wafer bonding (SiO2 thickness = 0.9±0.1µm). The
sample gives a strong luminescence in the range 1300-1700 nm. Standard techniques of
electron-beam lithography and reactive ion-etching have been used for the patterning.
Details on the fabrication procedure can be found elsewhere [22]. The Suzuki-phase
lattices are fabricated on square areas with a lateral size of 25µm. Figure 4 shows the
SEM image of the Suzuki-phase lattice.
Γ-X1
Γ-X2
Fig. 4. SEM image of the fabricated Suzuki structure. The lattice parameter is
a = 455 and the value of r/a is around 0.33. White arrows mark the directions
that have been analyzed experimentally.
The sample was excited with a 635 nm laser diode through a 10× (NA=0.26) objective
placed at an angle of 45◦ with respect to normal incidence. The angle-revolved PL
emission was collected by a fiber coupled to a Fourier-transform spectrometer (Bruker
IFS66/s). An InGaAs p-i-n photodiode was used as a detector. The photoluminescence
was collected at different angles with a resolution of ±1 degree and these spectra were
used to determine the photonic band dispersion through conservation of the wavevector
parallel to the sample surface [23-26].
Figure 5 shows the PL spectra collected at θ = 0◦ for the Suzuki-phase structure and
for the unpatterned material. Two peaks related to the two isolated bands at the Γ point
with normalized frequencies 0.315 and 0.342 (see Fig. 3(b)) can be clearly observed over
the background. We have studied the angular dependence of the PL intensity for all
the range between θ = 0◦ to θ = 70◦ (for higher angles no appreciable intensity was
measured). Figures 6(a) and 6(b) show the PL intensity ratios as obtained by dividing
the PL spectrum of the Suzuki-phase structure by the corresponding PL spectrum of
the unpatterned area at the same emission angle, for two different directions of the 2D
Brillouin zone. The energy of the observed maxima has been extracted and plotted in
Fig. 6(c) as a function of wavevector, using conservation of momentum parallel to the
surface. In the same figure we have included the 3D band calculated in the symmetric
approximation for a = 455nm, r/a = 0.33 and d/a = 0.5209.
A very good agreement between experiment and theory has been obtained. In the
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Fig. 5. Room-temperature photoluminescence spectra at θ = 0◦ of the PC struc-
ture (red line) and of the unpatterned sample (black line).
Γ-X1 direction a very flat photonic band appears for energies around 0.85 eV. The slope
in this region can take values down to c/1000. Experimentally, we have obtained values
roughly below zero, around −6×10−3c which indicates that light tends to concentrate
along this direction of the reciprocal lattice. This strong decrease of the group velocity
of the light traveling along this specific direction of the reciprocal lattice may have
useful applications in photonic devices and sensors where non-confined light above the
light cone may have a very strong interaction with substances deposited on the photonic
crystal surface [14].
3.2. Defect Microcavity
We have also introduced intentional defects in the otherwise perfect Suzuki-phase lattice.
A SP2 microcavity has been fabricated by removing two holes along the Γ-X2 direction
(see SEM picture in inset of the Fig. 7(a)).
In order to analyze the effect of an SP2 microcavity we have measured the sample in
two different configurations of the photoluminescence set-up. First, we have obtained the
spectrum with an objective (0.65NA) placed perpendicular to the sample. We show the
spectrum measured in this configuration in Fig. 7(a). The different peaks correspond
to modes of the SP2 microcavity. Among all the peaks associated to the cavity, the
peak around 0.8 eV (1.55 microns) presents the best quality factor (QF ∼ 120) and it is
located where the gain-absorption ratio reaches the maximum value [27].
The spectrum of the defect cavity in Fig. 7(a) has been used as a reference (it is worth
to mention that an 0.65NA objective collects the emission of the sample in all directions
from θ = 0◦ to θ ∼ 40◦) in order to complement the measurements taken with the angle-
resolved photoluminescence set-up. Indeed, once the energies of the defect modes are
known, we can compare with the case of collecting the emission of the structure with
the SP2 defect at 5◦ along the Γ−X1 direction. Figure 7(b) shows the spectra after
normalizing with the background measured at the same emission angle for structures
with and without defect (red and black lines respectively). In this case, the effect of
the cavity is weaker as the emission is collected just around 5± 1◦ along the Γ−X1
direction. The inset of Fig. 7(b) shows clearly the effect of the cavity, corresponding
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Fig. 6. (a) Normalized PL spectra in the X2− Γ direction for different angles
(∆θ = 10◦). Some extra spectra are plotted around the crossing in order to observe
with higher accuracy the crossing point. (b) Normalized PL spectra in the Γ−X1
direction for different angles (∆θ = 10◦). (c) Band diagram for the Suzuki lattice.
Solid lines correspond to bands calculated by guided-mode expansion method
with parameters a = 455 nm, r/a = 0.33 and d/a = 0.5209. Different shape and
colors knots are the values obtained from the spectra measured by angle-resolved
photoluminescence. At the crossing point, black squares and red circles are su-
perimposed.
to the peak of higher quality factor of the same defect cavity measured with the non
angle-resolved set-up. We therefore conclude that the cavity mode with QF ∼ 120 at
λ = 1.55 µm has a far field extending towards the normal direction.
In order to give a more complete analysis of the defect structures, we have calculated
the cavity modes energies and Q-factors for the SP2 microcavity. We use again the
guided-mode expansion [21] and introduce a SP2 defect with a 8×8 supercell repetition
(i.e., 8 periods in both Γ-X1 and Γ-X2 directions). The frequencies of cavity modes
are shown in Fig. 8(a) together with their Q-factors. In this calculation, the photonic
bands of the periodic Suzuki-phase lattice are folded in a reduced Brillouin zone and
their dispersion regions are indicated by grey areas. There are three cavity modes in the
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Fig. 7. (a) Spectra of unpatterned, defect and no defect structures (black, red and
blue lines respectively) taken with an objective of 0.65NA at normal incidence.
Inset: SEM image of the SP2 cavity on the Suzuki-phase lattice. (b) Normalized
PL spectra measured at 5◦ for defect and no defect Suzuki-phase structure (red
and black lines respectively). Inset: close-up view of the peak corresponding to
the cavity mode.
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Fig. 8. (a) Cavity modes of the SP2 microcavity (in red) calculated with a 8×8
supercell. The Q-factors are indicated. The regions of the photonic bands of the
periodic lattice folded in the 8x8 supercell are drawn by grey areas. (b) Contour
plot of the Hz field component in the midplane of the InP slab, for the cavity
mode with Q=125.
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lowest photonic gap and two cavity modes in the upper gap. The modes with Q=165
and Q=125 might be tentatively assigned to the two peaks observed experimentally
(see Fig. 7(a)). The measured quality factors are slightly lower than the calculated
ones, which is reasonable in view of the presence of some disorder in the samples. The
third mode with Q=50 might be hidden below the main peak corresponding to the band
luminescence. The two modes at 0.97 - 0.98 eV can also be recognized in the experiment
as a bump in the high-energy region, see again Fig. 7(a).
To illustrate the spatial properties of the cavity modes, we show in Fig. 8(b) a contour
plot of the Hz field component calculated at a plane in the middle of the InP slab, for the
mode with Q=125. The defect mode is strongly localized in the cavity region around the
two missing holes. Note that the field has a maximum in the central position, it changes
sign around x = ±0.35a, and it has an oscillatory behavior with side lobes at larger
distances. The plot of Fig. 8(b) (and analogous ones for the other modes) demonstrate
that the cavity modes are indeed localized states of the Suzuki-phase lattice with a SP2
microcavity.
4. Conclusion
We have determined the photonic band dispersion of the Sukuzi-phase lattice realized
in active InP-based slabs by theoretical calculations as well as by angle-resolved photo-
luminescence. Lateral sizes as small as 25µm have been measured. We have proven that
the Suzuki-phase structure presents a quasi-flat band along the Γ−X1 direction which
could be used as a slow light path through the sample. A very good agreement has been
found between experimental and theoretical analysis of the band diagram. The presence
of cavity modes in samples with defects is also established.
Low power intensity per area is needed to excite and measure the effect of intentional
defects in the structure at different angles. Therefore, this method could be used to
analyze with angular precision the conditions of laser emission, threshold and so on of
structures which present higher quality factors.
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